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ABSTRACT: For designing new battery systems with higher energy density and longer cycle life, it is important to understand the 
degradation mechanism of the electrode material, especially at the individual particle level. Using in-situ transmission X-ray mi-
croscopy (TXM) coupled with a pouch cell setup, the inhomogeneous Li distribution as well as the formation, population and evo-
lution of inactive domains in a single LiCoO2 particle were visualized as it was cycled for many times. It is found that the percent-
age of the particle that fully recovered to the pristine state is strongly related to the cycling rate. Interestingly, we also observed the 
evolution of the inactive region within the particle during long term cycling. The relationship between morphological degradation 
and chemical inhomogeneity, including formation of unanticipated Co metal phase, are also observed. Our work highlights the ca-
pability of in-situ TXM for studying the degradation mechanism of materials in LIBs. 

TOC figure: 

Lithium ion batteries (LIBs) are currently dominating the ener-
gy storage market. However, to expand their applications to other 
systems, such as electric vehicles and/or smart grid systems, sig-
nificant improvements of their electrochemical performance are 
required in several aspects1-4. Generally, the capacity and some-
times also the voltage fade upon cycling. To address this issue, it 
is crucial to understand the fundamental degradation mechanisms 
of the electrode. In the past years, lots of research efforts have 
been directed toward this goal with much knowledge gained. Sev-
eral degradation mechanisms have been observed, such as irre-
versible phase transition during cycling5-6, loss of electric contact 
due to formation of cracks7-8, and reduction of the transition metal 
cations due to oxygen loss etc9-10. While these studies are very 
informative and important, they are usually based on ensemble 

techniques such as X-ray diffraction, spectroscopy and electro-
chemical measurements (e.g. electrochemical impedance spec-
troscopy) that provide statistical information. A deeper and more 
fundamental insight would require observation at the individual 
particle or sub-particle level as have been emphasized by several 
previous works. For example, Yan et al. identified intragranular 
rather than intergranular cracking as the critical barrier for high-
voltage usage of layer-structured cathode by using advanced 
scanning transmission electron microscopy (STEM)11. Lin et al. 
used atomic-scale scanning transmission electron microscopy 
(STEM) and electron energy loss spectroscopy (EELS)to study 
LiNi0.4Mn0.4Co0.18Ti0.02O2 and observed the formation of rock salt 
phase on the surface, which leads to impedance and, consequent-
ly, capacity fade12. Xu et al. used transmission X-ray microscopy 
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(TXM) to investigate the electrochemical reaction induced mor-
phological and chemical changes in the Li-rich Li2Ru0.5Mn0.5O3 
cathode particles at the meso to nano scale, suggesting that both 
morphology and chemical heterogeneity play a key role in the 
capacity fade of this material13.  

Study of degradation mechanisms of cathode electrode materi-
als in LIBs inevitably requires comparing the experimental data as 
a function of the state of charge (SOC) and/or the number of cy-
cles. In many microscopic studies, different particles are chosen at 
different SOCs and from different cycles due to the lack of capa-
bility to keep tracking the same particle over multiple charge-
discharge cycles, causing some arbitrariness to the data and mak-
ing comparison more difficult. More recently, in-situ and operan-
do X-ray microscopy has been demonstrated for study of LIBs 
through working with specifically designed coin cell14-15, pouch 
cell16, capillary cell17, and liquid flowing cell18. However, due to 
practical challenges, these studies are usually limited to relatively 
short cycling history (within the first few cycles). In this work, a 
new type of in-situ pouch cell setup was designed for tracking and 
studying selected electrode particles over many cycles. Layered 
material LiCoO2 was chosen for this study to avoid any structural 
complexities (e.g. cation disorder arising from transition metal 
and Li exchanging site in Ni-containing layered materials)19-20 or 
any structural ambiguities (e.g. whether it is solid solution or 
composite for Li-rich materials)6, 21-22. LiCoO2 is also technologi-
cally important because it possesses the highest theoretic density 
and packing density among the commercially available cathode 
materials. In commercial applications, LiCoO2 currently allows 
the repeated extracting and inserting about 0.5 Li+ per formula, 
giving a specific capacity of 140 mAh g-1. To achieve higher ca-
pacity, one must charge this material to a higher cut-off voltage to 
utilize part of the other 0.5 Li per formula. Unfortunately, such 
practice would lead to a significant capacity fade.23-26 To unravel 
the degradation mechanisms of LiCoO2 when operated over a 
voltage range of 3V to 4.6V, in-situ transmission X-ray microsco-
py (TXM) is used here to visualize the LiCoO2 particle’s response 
under various cycling conditions. A rate-dependent chemical het-
erogeneity within the particle is clearly observed. The redistribu-
tion of inactive domains within the particle was also observed 
upon long term cycling. In addition, unanticipated metallic Co 
particle was found in the cycled cell, suggesting that the dissolu-
tion and precipitation of the Co is accompanied by the reduction 
of the cation. Our experimental result shows that the sub-particle 
level interplays of different chemical species strongly depend on 
the electrochemical environment, which is governed by the cy-
cling rate and history. This work highlights the power and value 
of in-situ method for investigating the effects of cycling history at 
microscopic scale, which is relevant to the studies of many other 
battery materials and systems.  

Figure 1. Schematic drawing of the setup used for in-situ spectro-
microscopic study of LIBs (not to scale). The lower right inset 
shows a detailed view of the developed battery pouch cell system 

that allowed the in-situ study of LiCoO2 particle’s long term cy-
cling behavior. 

 
Before the in-situ TXM measurements (setup shown in Figure 

1), ex-situ electrode powder recovered at the discharged state (at 
3V) and the charged state (at 4.6V) were studied at the same 
beamline to acquire the signature spectra associated with these 
two extreme SOCs. These ex-situ samples were prepared with 
very slow cycling rate to ensure the phase purity. These two spec-
tra (Supplementary Figure S1) were used to perform linear com-
bination fitting of the in-situ XANES imaging data. We note here 
that we are not implying a two-phase transition for the reaction 
occurring in LiCoO2 system, which could actually be rather com-
plicated involving several intermediate and even metastable phas-
es24, 27-28. For simplicity, only the fully charged state (at 4.6V) and 
the discharged state (at 3V) were studied in our in-situ experi-
ment.   

  
Figure 2. In-situ monitoring of the chemical heterogeneity in a 
single particle of LiCoO2 up to 20 cycles. Panel (a) is the chemi-
cal map of the particle at its pristine state; panel (b) is at the 
charged state (at 4.6V); panels (c) through (e) are the chemical 
maps at discharged state (at 3V) after the particle went through 
cycles of different rates at 1C, 10C and 0.2C, respectively; panel 
(f) is the map at the discharged state after 20 cycles at 0.2C. All 
the chemical maps are color coded to the corresponding pie 
charts. The red area represents the domains at charged state and 
the green area represents the domains at discharged state.  

 
As shown in Figure 2, the chemical change in a selected 

LixCoO2 particle was monitored as the cell was cycled many 
times. At the pristine state, nearly the entire particle shows the 
discharged state (LiCo3+O2), which is color coded to green (Fig-
ure 2.a). Majority of this particle turned to the charged state (red) 
when the cell was charged to 4.6V at a rate of 1C (nC is the cur-
rent required to either charge or discharge the electrode fully in 
1/n hours) as shown in Figure 2.b. After the cell was discharged to 
3V at a rate of 1C, only about 50% of this particle recovered to 
the discharged state (Figure 2.c). Due to the scope of research 
interest of this work, in the following experiment particle was 
scanned only at the discharged state. The portion of the particle 
that returned to the discharged state (green) is clearly dependent 
on the cycling rate as suggested by the chemical maps in Figures 
2.d for 10C and 2.e for 0.2C. The cell was then cycled for 20 
times at 0.2C for investigating the particle’s response to stabilized 
and repeated reaction conditions (Figure 2.f). More details about 
the spectrum fitting and chemical map composing can be found in 
other publications29 as well as the Supplementary Figure S2. The 
reason for the reaction heterogeneity of LiCoO2 at high charging 
voltage could be due to the nucleation process (formation of the 
delithiated phase) that will be affected by the defects in the parti-
cle, and this is very likely a non-equilibrium process and therefore 
is rate dependent. It is noted that the electrochemical behavior of 
this particular particle may not be able to represent that of the 
whole cell as the bulk scale behavior could be different (Supple-
mentary Figure S3). This is because the total amount of active 



 

material in this cell is many orders of magnitude greater than the 
mass of the studied individual particle. However, this particular 
active particle allowed us to study the trend of the local chemical 
reaction’s cycling rate dependency, which is critical to understand 
the fundamental degradation mechanism. 

A few very interesting conclusions can be drawn from the 
chemical maps in Figure 2. First of all, memory effect was not 
observed in this particle. The pouch cell first went through cycles 
with relatively higher C rate, resulting in low recovery rate at 50% 
and lower (Figures 2.c and 2.d). However, the following low C 
rate cycles brought the recovery rate back to a higher level (Fig-
ures 2.e and 2.f).  

To evaluate the rate dependency, the data was re-sorted and the 
particle’s recovery rate at 3V discharged state was plotted as a 
function of the C rate. As shown in Supplementary Figure S4, the 
cycling rate is clearly negatively correlated with the particle’s 
recovery rate. Further cycling at 0.2C for up to 20 cycles degraded 
the recovery rate from 84% to 73%, which, however, is still sig-
nificantly higher than the high C rate circumstances. The degrad-
ed cycle performances is very likely due to the structural changes 
upon extended lithium extraction, which causes accumulation of 
irreversible structural (e.g. structural damage) and morphological 
changes (e.g. crack).  

 

Figure 3. The chemical maps of the particle after the first cycle of 
0.2C and the 20th cycle of 0.2C. Panels (a) and (d) are the same 
maps shown in Figures 2.e and 2.f; panels (b) and (e) are the con-
tour maps of the material that failed to return to discharged state 
at OCV of 3V; panels (c) and (f) are the corresponding local 
chemical gradient maps, with the arrows indicating the direction 
and amplitude of the local chemical gradient. 

 
For more detailed study of the particle’s behavior when it is 

subjected to repeated and stabilized operating conditions, the 
chemical maps retrieved from the 1st and the 20th cycle of 0.2C 
were analyzed in more details. As shown in the contour maps of 
the material that failed to return to discharged state at OCV of 3V 
(Figures 3.b and 3.e), the redistribution of the inactive domain 
was clearly observed. It evolved from a single hot zoon (black 
arrow in Figure 3.b) to two hot spots (black arrows in Figure 3.e), 
suggesting that the so-called inactive domain still has some Li-ion 
mobility that allows the Li to be rearranged within the particle. 
The chemical gradient maps (Figures 3.c and 3.f, in which the 
white arrows indicate the direction and amplitude of the chemical 
gradient) also displayed significant differences. When the particle 
was cycled at 0.2C for the 1st time, large chemical gradient occurs 
at the upper edge of the particle. It might be caused by the inho-
mogeneous electronic contact and/or electrolyte wetting and could 
be an away-from-equilibrium effect. Due to repeated electrochem-

istry activation process, the chemical gradient map changed. The 
large chemical gradients in Figure 3.f are clearly associated with 
the two hot spots highlighted in Figure 3.e, indicative of nuclea-
tion of inactive phases, suggesting barriers within the particle that 
prevents free transportation of Li. 

 
Figure 4. Metallic Co particle formed upon cycling of the cell. 
Panel (a) is a transmission x-ray image at a selected location on 
the pouch cell. Panels (b) and (c) are retrieved spectra over the 
two selected particle labeled accordingly on panel (a). When 
compared to the spectrum of pure Co foil (red curve in (b)), the 
particle at the center of the image clearly shows metallic Co sig-
nature, while the spectrum in panel (c) is a very typical signature 
of LixCoO2. 

 
Another very interesting phenomenon is that some metallic Co 

particles are formed after the cycling sequence. We applied an 
unsupervised data mining method known as DBSCAN30 to evalu-
ate the large spectro-microscopic data of over 100 individual par-
ticles acquired as we surveyed the pouch cell after the cycling 
sequence. Particles with distinct chemical finger prints are identi-
fied automatically as “outliers”. Although many of those “outli-
ers” are simply data points too noisy to be meaningful, one of the 
automatically identified particles (Figure 4) clear shows spectro-
scopic signature of metallic Co. Since the cell was operated be-
tween 3V and 4.6V with no deep discharging history, direct elec-
trochemical reduction of Co3+ to metallic Co is highly unlikely. 
The formation of metallic Co particle is attributed to the dissolu-
tion and precipitation of Co cations, which is a vital mechanism 
that affects the overall performance of LiCoO2 as well as other 
layered transition metal oxide materials31-33. Our experiment pro-
vides the direct evidence for the dissolution and precipitation of 
transition metal ions within real cells. It highlights the importance 
of surface coating to improve electrochemical performances of the 
layered cathode materials. More detailed descriptions of the data 
mining aspect of this work will be reported separately in a follow-
ing manuscript. 

In-situ 2D nanoscale XANES imaging provides valuable in-
sight into the rate dependent degradation mechanism of the 
LiCoO2 electrode, however, we lack direct evidence about the 
relationship between the morphological and the chemical degrada-
tion due to the fact that the 2D measurements cannot resolve the 
depth information. To supplement our in-situ study described 
above, we performed ex-situ 3D XANES34-35 study of a selected 
particle recovered from a cell that was cycled at 0.2 C and was 
disassembled at the discharged state. As shown in the 3D render-
ing of the chemical distribution within the studied particle (Figure 
5), only a small region on the surface remained at the charged 
state (red). We clearly see a crack, as highlighted by the circle in 
Figure 5.b, which is associated with the inactive domain (red), 
suggesting the close relationship between the morphological deg-
radation and the chemical inhomogeneity. 



 

 

Figure 5. Ex-situ 3D chemical map of a selected particle recov-
ered from a cell that was cycled at 0.2C and disassembled at OCV 
of 3V. Panels a, b and c are the same particle in different viewing 
angles as indicated by the arrows on the bottom. The chemical 
components are color coded in the 3D rendering with the dis-
charged state shown in green and the charged state shown in red 
(the portion of the particle that failed to return to the discharged 
state at OCV of 3V). 

 
In summary, 2D mapping of chemical heterogeneity of LiCoO2 

particle in operating conditions was performed by using a novel 
design of in-situ setup that enabled tracking the cycling history of 
single active particle. The same particle was followed for many 
cycles to conduct a systematic study of the rate dependency of the 
particle’s recovery rate at a specific SOC (3V here). A strong 
negative correlation between the particle’s recovery rate and the 
cycling C rate was observed. After 20 cycles at 0.2C, the redistri-
bution of the inactive domain at sub-particle level was clearly 
observed indicating the particle’s ability to re-adjust itself in re-
sponse to repeated and stabilized reaction conditions. After the 
designed cycling sequence, we observed the formation of unantic-
ipated metallic Co particles. This phenomenon is attributed to the 
dissolution and precipitation of Co cations. In addition, ex-situ 3D 
chemical mapping of a selected LiCoO2 particle shows that a 
crack was closely associated with the inactive domain suggesting 
close relationship between the morphological degradation and the 
chemical inhomogeneity. A better design of LiCoO2 requires con-
formal coating to prevent the dissolution of the Co cations. Uni-
form electronic wiring of the electrode is also crucial to realize 
homogenous de/lithiation. The insight we gathered from the pre-
sented study is relevant to the design of other layered transition 
metal cathode materials. Furthermore, this article illustrates 
transmission X-ray microscopy (TXM) a pivotal tool to probe the 
morphological and chemical evolution on particle and electrode 
scale. 

EXPERIMENTAL METHODS 
X-ray transparent in-situ battery pouch cells were specifically 

designed for this experiment. The cells are composed of a lithium 
metal anode, a Celgard separator soaked in an electrolyte of LiPF6 
(1 M) in ethylene carbonate and dimethyl carbonate (volume ratio 
1:1), and a cathode of micrometer-sized LiCoO2 (80 wt%; Alfa 
Aesar), carbon black (10 wt%; Chevron) and Polyvinylidene fluo-
ride (10 wt%; Kureha). SEM and XRD characterization of the 
pristine material is presented in Supplementary Figure S5. To 
prepare the electrode, LiCoO2 powder was mixed with carbon 
black and poly-vinylidene fluoride in N-methylpyrrolidone sol-
vent to make a slurry. Then it was coated on Al foil. In order to 
avoid the overlap of the particles in the path of X-ray beam for 
collecting X-ray images, the loading amount of the active material 
on current collector is very small (around 0.2mg/cm2). The elec-
trodes were dried under vacuum at 120 °C for 24 h, and then the 
cells are assembled inside an argon-filled glovebox and heat-

sealed in polyester pouches with aluminum and copper current 
collectors for cathode and anode electrodes, respectively. 

We conducted in-situ TXM imaging on the cell described 
above using a configuration shown in Figure 1. The cell holder 
has two glassy carbon windows, each at 500 microns thick, 
providing sufficient pressure while allowing X-ray transmission 
rate of about 50% at the working energy. The typical exposure 
time for single image is 1 second or less. The pouch cell holder is 
designed to be asymmetric with the X-ray transparent window 
located on the edge to minimize the travel distance from the parti-
cle of interest to the open space, where the background images are 
acquired. Nominal spatial resolution of our TXM measurement is 
at 30.4 nm. However, due to difficulties associated with spatial 
registration of images with noise, we make conservative estima-
tion of effective spatial resolution at 3 by 3 pixels (~90 nm).  
More details of the synchrotron beamline configuration and the 
concept of TXM spectro-microscopy can be found elsewhere35-36. 

In the spectro-microscopic scan, the energy of the incident X-
rays is scanned from 7560 eV to 7980 eV with 105 energy points 
recorded. Over the near edge region (7700 eV to 7770 eV), we 
choose the energy step at 1 eV to ensure sufficient energy resolu-
tion. The pre-edge and post edge regions were scanned with ener-
gy steps of 10 eV to cover a relatively wide energy window for 
normalization of the spectra. While the total amount of time need-
ed for such a scan is about 30 minutes, more than 90 percent is 
due to the motor movement. As a result, no obvious radiation 
damage effect was observed in our experiment, as indicated by the 
fact that the particle of interest was still active after more than 20 
cycles. 
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